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Introduction
The number of revision total knee arthroplasties (TKA) is rising worldwide following the increased demand for primary knee arthroplasty, especially because of patients' higher functional requests and longer life expectation (1) (2) (3) . Whilst performing a revision TKA, several factors should be considered, including the preoperative planning, the surgical approach, type of primary component and ease or difficulty associated with their removal, the joint line restoration, degree of constraint needed to provide a stable construct and ability to provide durable component fixation. Additionally, these operations become usually more complex because of the presence of bone defects, which may be determined by periprosthethic infection, implant loosening, wear and osteolysis and fractures of either tibial plateau or distal femur (4) . Revision TKAs require an accurate analysis of the host bone quality and of the type and location of the defects.
A proper planning is mandatory but the final evaluation of the bone loss is determined intra-operatively after the components' removal and thorough debridement of fibrous and necrotic tissues. It is important not to underestimate the defect and having different treatments options available. Invariably radiographs underestimate the extent of the defect. Cement, morcellized or structural autografts and allografts, metal augments and filling implants may be useful in this set-up to fill the gaps and stems are needed to better distribute the loads, but currently the optimal method has not yet been established. According to the zonal fixation concepts ( Fig. 1 ) (5), these options help in promoting an additional fixation in the metaphysis (zone 2) and diaphysis (zone 3), as joint surface and epiphysis (zone 1) are usually inadequate.
The surgical challenge is to obtain a stable platform to implant the revision components with an optimal joint line level (6) .
Classification
A correct classification of the bone defect is mandatory to be fully prepared to face a revision TKA and to predict and compare outcomes. The potential need of bone allografts, long stems and new generation fixation devices should be predicted before the operation time to avoid intra-operative problems. The most useful radiological studies to define the defects are the orthogonal tibial radiographs and a lateral distal femoral view (7) . CT scan may help but it is not mandatory. Several classifications have been proposed but actually no one fully meets the clinical demands (see table 1 ) (8) (9) (10) (11) (12) (13) (14) (15) . Subjectivity and underestimation of the defects are the most common faults among the classifications during the pre-operative assessment, especially for the femur. On the other hand, intra-operative evaluation improves the accuracy, being more factual after the potential bone loss due to the components removal.
The assessed criteria include severity, location, size, containment of the defect and implant stability.
Nowadays the most frequently used classification is the Anderson Orthopaedic Research Institute (AORI), first proposed in 1997 (11) . It describes the lesions according to the size, localization and soft tissues involvement and it is divided into three ranks. Type 1 includes contained defects limited to the cancellous bone close to the original joint line with intact metaphyseal bone. Type 2A and 2B damages involve metaphyseal bone of one or both condyles or hemiplateaus respectively. In type 3 the metaphyseal bone loss involves also collateral ligaments and patellar tendon attachments involvement.
Small/contained defects (AORI type 1)
Several options of treatment should be evaluated: cement, cement with screws, autografts or allografts bone (16) (17) (18) .
Cement
Bone cement is the best surgical choice to fill the bone loss for bone defect less than 5 mm in width and depth, for peripheral deficiency up to 10% of the condylar area, for small central defects, for cystic defects and contained bone defects (9, 13, 19, 20) . On the other hand, cement is not a biological scaffold and it is not the recommended procedure in case of uncontained defects mainly for three reasons: first, large amount of cement may lead to potential osseous thermal necrosis secondary to the heat polymerization with blood supply impairment; secondly pressurizing cement in the setting of sclerotic uncontained defects may be difficult; finally cement can lose up to 2% of its volume during its polymerization, leading to a decreased mechanical stability (21) .
Cement versatility gives the opportunity to readily fit and fill the size and shape of the defect (21) (22) (23) .
Indeed, cement is usually the treatment of choice for small defects in elderly patients, being its osteoinductive and osteoconductive capacities not significant in comparison to bone grafts, which are usually preferred in younger patient to preserve and possibly improve the residual bone stock in function of further revisions (24, 25) .
Caution is suggested if host bone has sclerotic features because less penetration is allowed into the cancellous bone. These cases should benefit of bone drilling (using drill bits of about 3,5 mm in diameter) to enhance cement penetration and increase the surface contact. Although cement has inferior load transfer properties compared to custom implants or metal augments, its utilization has led to favourable clinical results in selected cases.
Different authors describe good clinical results in long term follow up. Lotke et al reported of 59 knees with a defect of 10 to 20 mm (33 knees) or >20 mm (23 knees) treated with cement and followed up for a mean of 7,1 years. No radiolucent lines were reported in 43 knees, with only one failure needing revision. There was no correlation between radiolucent lines and symptoms (26) . Dorr et al reported of 54 patients with AORI type 1 defect treated with cement and followed up for 7 years, reporting good outcomes in all of them, except for one who had loosening (27) .
Cement with screws
Some authors also suggest the use of cement in combination with screws in case of contained or uncontained defects between 5 mm and 10 mm both for proximal tibia and distal femur (28) .
Therefore, this treatment option should be taken into consideration for both AORI type 1 and AORI type 2A bone defects involving less than 50% of condylar width and up to 10 mm in depth. Screws are used to distribute the load away from the joint line and cement bone interface (29, 30) .
This type of fixation results in 30% less loosening of the prosthesis than cement alone in tibial defects reconstruction. It may be used with titanium screw for distal femoral condyle defects: the screws reinforce the cement supporting the deficient condyle, especially when the femoral chamfer cuts did not provide enough rotational stability. Screws should be sunk into the cement enough to avoid contact between their heads and the implant. This solution is suitable also for AORI type 1 defects when used with standard non-stemmed implants. It is reliable, reproducible, easily performed and inexpensive (30, 31) .
Different authors have described good clinical results in midterm follow up. Ritter et al reported a study with 57 patients with tibial defects followed up for 3 years. 25% had non-progressive radiolucency at the bone cement interface, but none of the components failed; after 7 years, there was no progression of radiolucency lines either at the bone-cement or at the cement-prosthesis interface (29, 32) .
Autografts or allografts bone
These types of grafts are generally used to manage moderate sized contained defects, in the form of impaction grafting with morcellized cancellous bone 18,33-(35) . Bone chips used should be as large as practical (about 3-to-5 mm in diameter) to ensure early stability. Adequate impaction force makes morcellized bone grafts strong enough to carry the load while excessive impaction reduces host bone ingrowth (36, 37) . Impaction grafting is unique in its osteoconductive ability allowing a more rapid revascularization of the bone graft compared to structural allografts with progressive incorporation and remodelling of the bone graft, shown also radiographically (38) . Incorporating autograft with the morcellized allograft bone may add osteoinductive properties to the construct (39) .
Bone grafts are usually preferred in younger patients in whom further revisions are predictable and a potential bone stock restoration is desirable (27) . Donor site options for autograft include the resected condyles, intercondylar notch and iliac crest with limited availability especially in revision TKA; while there are several sources for allograft such as the distal end of the femur, the proximal part of the tibia and the femoral head, with the latter being the preferred one for morcellized bone (40) . Bone allografts are cost-effective compared with metal augments with autologous bone grafts further breaking down this cost. Both solutions are able to increase physiologic load transfer compared to cement (41) .
Allograft may be ordered as fresh-frozen, frozen with radiation, freeze-dried, mineralized or demineralized. Bone allograft processing, preservation and sterilization can alter both its initial physical and chemical properties and immune response hence compromising the mechanical stability of the surgical reconstruction. Cryopreserved cancellous graft are superior to freezedried cancellous grafts and demineralized cortical grafts in terms of biological efficacy. Mineralized cancellous graft have greater osteoconductive but weaker mechanical properties than demineralized cortical grafts. Long term stability and outcome are affected by the quality of the bone graft, post-harvesting treatment and vascularization of the host cavity (42) .
Use of allograft raises the risk of non-union, mal-union or late collapse, and there is a minimal risk of disease transmission compared to autograft. The latter risk is further reduced by 25 kGy radiation treatment without affecting the solidity of a frozen allograft (43, 44) .
Midterm results are available for impaction allograft reconstruction of bone loss in revision TKA.
Lotke et al reported 48 revision TKA cases with bone loss treated with impaction allograft (38) . All radiographs demonstrated incorporation and remodelling of the bone graft with no mechanical failures at an average of 3.8 years of follow up. Hanna et al demonstrated a cumulative prosthesis survival of 98% at 10 years: 5 patients (9%) had re-operations for complications unrelated to bone graft and 3 patients (5%) developed progressive radiolucencies (18) While several studies support the versatility and durability of impaction grafting, Hilgen et al highlighted the potential limitation of impaction grafting for more severe defects. Indeed, they reported a survival rate of 50% at 10 years of follow up in revision of rotational and hinged TKAs with AORI type 2 and 3 defects. Failures were related to mechanical breakdown and aseptic loosening of the components showing a lack of incorporation with bone graft in the femur or tibia during the re-revision procedure in all failed cases (45) .
Small/uncontained defects (AORI type 2A-2B)
In the last twenty years, many modular prosthetic design have been developed to provide support to orthopaedic surgeon in revision TKAs.
According to the dimensions and the location of these defects there are different surgical solutions.
Uncontained, 5 to 20 mm deep defects, with cortical rim breached, may be ideally managed with modular metal augments that selectively fill bone deficiencies, for example at the distal and posterior femoral condyles or at the proximal tibia (46) . Augments are available in wedge or block shape, from 5 mm to 25 mm of size to fit a wide range of defects of one or both condyles (47) . They are usually bonded to the implant out of the surgical field, then cemented to the prepared bone. Contrarily to cement, which fits the gap, augments require a reshaping of the defects with some bone sacrifice, especially if blocks are used. Wedge augments, which may be useful in unicompartmentalto-total knee revision in case of tibial plateau collapse, allow more bone preservation, being on the other side subject to shear stress because of their oblique nature (48, 49) . Symmetric blocks help in restoring the joint line while asymmetric augments contribute in filling the defect and to rotational stability, as it often happens for the postero-lateral femoral condyle (50) . Failure commonly happens when the surgeon faces severe bone loss with impairment of cancellous bone structures. In these situations, the device-host bone interface is compromised, thus structural allograft or porous metaphyseal implants should be used in addition to reach a stable construct.
Large/uncontained defects (AORI type 3)
AORI type 2B and 3 defects have been usually treated with large allograft or with custom made implants. The evolution in materials have brought to the development of porous coated metal devices to improve metaphyseal fixation and achieve primary mechanical stability. Available options include cones made of tantalum or porous titanium and metaphyseal sleeves.
Available literature about these options since 2007 is reported in Table 2 (for allografts (7, 40, (51) (52) (53) (54) (55) (56) (57) ), Table 3 (for cones (6, (57) (58) (59) (60) (61) (62) (63) (64) (65) (66) (67) (68) (69) (70) (71) (72) (73) ) and Table 4 (for sleeves (16, (74) (75) (76) (77) (78) (79) (80) (81) (82) ). 
Allograft
Structural allograft is an attractive biological option in the treatment of bone defects, especially in young patient, aiming to potential bone restoration in prevision of eventual further revisions. Alternatives include femoral head, bulk distal femur or proximal tibia.
The possibility of shaping the allograft, especially femoral heads, according to each case is one of the main advantages of this technique. The defect must be cleared of all soft tissues, osteolytic membranes and residual cement. At this point the graft is prepared removing with a burr or a female reamer the sclerotic peripheral bone at the interface with the host to fit into the defect (54) . If a femoral head allograft is used, the diameter of the male reamer to prepare the host bone should be 2 mm narrower to obtain a primary press-fit fixation. Temporary fixation of the graft is improved with 2 or 3 K-wires, usually parallel to the expected joint line, which do not interfere with the implant stem. A burr is used to remove excess bone graft, then proceeding with canal preparation and usual cuts to receive the trial implant.
Stemmed components, either cemented or pressfit, need to be used to bypass the defect and to reduce stresses on the allograft, host bone and fixation interface (53, 83) . Additional plates and screws may help to achieve primary stability, especially in the larger uncontained defects.
Weaknesses of the allograft comprise of a limited availability, a higher susceptibility to infection (51), non-union, fracture and periprosthethic reabsorption resulting in implant loosening (53) . According to Buck et al, the risk of diseases transmission, although present, is very low if strict donor selection criteria and screening are performed (39) . Baumann et al found in 65 knees a greater than 20% rate of complications and failures mainly related directly or indirectly to the allografts. In their series allograft size seems to have a role in the failure mechanism, as smaller allografts like femoral heads tend to fail because of resorption with secondary implant loosening. On the other side, larger Although good clinical results are found in successful implants, the unpredictability of the incorporation process with very limited revascularization and remodelling have been already described by Stevenson et al (84, 85) . As found by Parks et al after an average of 41 months, only the peripheral portions of the grafts were infiltrated by some new bone without evidence of remodelling and revascularization. This explains an incidence of non-union of 11% for large frozen allografts, even if it does not always mean that the graft is not retained (85, 86) .
More experience and longer follow up studies than porous metal augments are available for allografts in the literature since the first nineties'.
For uncontained defects the use of impaction grafting is not recommended, except in combination with metal augments ormeshes (87) .
Highly porous tantalum cones
Highly porous cones have been using for many years in a variety of reconstructive procedure, especially in hip replacement to treat severe acetabular bone loss (60, (88) (89) (90) (91) (92) . They are usually made of tantalum but more recently porous titanium devices have been introduced. Available literature is focused mainly on the former as the latter does not have any long-term published data at present.
An average porosity of 80% with modulus of elasticity (3 GPa) close to cancellous bone allows for a more physiological load transfer reducing stress shielding and improving osteoconductive properties with better potential osteointegration (60, 93, 94) . The low modulus of elasticity and the high coefficient of friction contribute in providing a stable scaffold aimed to joint reconstruction (85) . Furthermore, histological studies have shown low potential for bacterial adherence with greater leucocyte activation, reducing the risk of infections (95, 96) .
Nowadays several sizes and shapes of cones are available for both knees with symmetrical and asymmetrical options to fit most of the defects (97). The surgical technique for cone insertion include host bone sculpturing with a broach or free-hand high speed burr to optimise cone contact and enhance bone ingrowth. The cone is press-fitted into position and cement is used only to fix the implant to the porous device, allowing a wider range of implant rotation and alignment, independently from cone location. Eventual gaps between the porous surface and the host bone should be filled with morcellized bone allograft, autograft or bone substitutes (60) . Axial stability is provided by stems, either cemented or cementless, while rotational stability is improved by keel and box together with the cone for tibial and femoral component respectively.
Cones did not affect the use of uncemented stems allowing to reach a canal fill ratio >85% in most patients, as Bedard et al showed (58) . In selected cases of severe bone loss, using two overlapped cones has been described by Boureau et al in 2015 to manage massive femoral defects (59) .
Immediate metaphyseal stability allows an early weight bearing.
Re-operation need is usually determined by an infection relapse while device aseptic loosening at the bonecone interface is very rarely reported (less than 1% according to the available literature) (60), indeed a secure fixation at 5 years of follow up has been confirmed also using radiostereometric analysis (RSA) (97) (98) (99) .
The main disadvantage of cones similarly to sleeves, is the difficult extraction in case of further revisions, showing solid osteointegration also in situations of reinfection (6, 61, 100), thus making cones not the firstline option for bone loss in young patients. A careful surgical technique is recommended to reduce the risk of patellar tendon avulsion and of intra-operative fractures during broaching or cone impaction in consideration of the low-quality residual bone stock (70, 97) .
Available literature, mainly about tantalum, confirms that metal cones represent a viable option in term of surgical efficacy, clinical and radiological results, being at least as effective as other strategies.
Titanum sleeves
Metal sleeves are available both for tibial and femoral component. Unlike cones, sleeves are bonded to the implant with a Morse taper junction instead of cement, removing a possible source of failure at the cement-implant interface (16) .
Primary stability, either axial and /or rotational, is achieved press-fit by an instrumented broach which help in preparing the host bone (16, 75, 78) . On the other hand, the porous surface is aimed to obtain a long-term bone ingrowth to improve the secondary stability.
Various size and lengths of sleeves are available to fill the defects. Usually the Morse junction allows some degree of rotation of the tibial component to fit each case.
The first step of tibial preparation is sequential medullary canal reaming until a stable endosteal fit is reached to achieve a satisfactory rotational stability (16, 75) . During broaching the metaphyseal area, it is relevant to check the proper orientation according to surgeon experience and usual reference points as the final stepwise pattern of the endosteal metaphyseal bone will force the component rotation.
The final step is the proximal resection using the final broach as a tibial cutting guide. Tibia is now ready to hold the trial implant.
If there is significant bone loss also on the femoral side, a sleeve may be used, eventually with augments. It is important to establish the distal cut which determines the joint line. The medullary canal is reamed in the same way of the tibia, being aware of the femoral bowing, which may force the component in the wrong position if a too long stem is chosen (78) . Once the surgeon is satisfied with the trials, final components are assembled to the sleeves through the Morse junction on the instrument table and then finally implanted onto the broached area (74) .
The most frequent intra-operative complication related to sleeves is fracture during broaching or when impacting the final components, as it may happen in total hip arthroplasty on the femoral side (75, 76) . End-of-stem tibia pain is one of the most frequent long term complications (16) . It is usually due to the stem length, which should be sufficient to help intraoperative alignment and to contribute to early stability, not forgetting that the main fixation relies mainly on the metaphyseal press fit of the sleeves (78) In case of re-revision, removal of a well-fixed sleeve may become a problem, determining a further and more severe bone loss. Special instruments are available but a tibial tuberosity osteotomy is often necessary to remove the sleeve.
As the final stability is reached with secondary osteointegration of the sleeves, weight bearing may need to be protected at the beginning especially when the sleeve is used on the femoral side where rotational stability may be more compromised.
According to various short-to-medium term results, these cementless metaphyseal sleeves seem to offer a proper option to manage AORI type 2B and 3 deficits, in terms of subjective, functional and radiological outcomes.
Mega-prosthesis and modular endoprosthesis
Distal femoral and proximal tibia replacement are usually indicated for knee reconstruction after tumour resection. In selected elderly patients with severe bone loss, articular deformities and extreme ligamentous instability, they may represent an appropriate limbsaving procedure to reach an immediate stability also in these non-oncological conditions (101) .
Original designs, consisting in hinged implant without any degree of rotation, were affected by high rate of mechanical failure because of implant loosening. The introduction of rotating hinge platform has lowered the failure rate, allowing a more physiological load transmission (102) .
Modular endoprosthesis have progressively replaced custom-made mega-prosthesis because of the cost, ductility and prompt availability in the operation theatre (103) . Furthermore, in case of mechanical failure of the implant, it is possible to replace only the failed component.
Functional outcomes, especially in elderly low-demand patients (104), appear to be satisfactory in terms of quality of life.
Main issues with this kind of replacement are the restoration of the correct length and rotation of the limb, the reconstruction of the extensor mechanism, the primary and secondary stability and the wound healing (105) . Because of the associated poor softtissue envelope, the extended approach and prolonged operative time, infection represents one of the most common and disastrous complications, which usually lead to above-the-knee amputation (106) .
Modular stems
Stemmed components are mandatory in revision TKA to bypass the metaphyseal bone defect and to reduce the strain at the implant-host bone interface, providing additional surface for implant fixation. Their length is important but the cornerstone is the bone/stem engagement level at which a stable fixation is achieved.
Cementless stems are used with a hybrid fixation, engaging the cortical bone of the diaphysis but with cement at the implant-host bone interface close to the joint. They allow a good primary stability and are easier to remove (58) . On the other hand, longer stems may determine end-of-stem tibial pain (up to 10% of patients) and may require off-setting if diaphyseal engagement results in mal-alignment or increased risk of fracture (38, 78, (107) (108) (109) . This is the reason why cementless stems are preferred if good diaphyseal bone of adequate geometry is available.
Cemented stems become more useful for patients with large, osteopenic endomidollary canals or in presence of axial deformities. They are metaphyseal engaging with cement filling the gaps between stem and cancellous bone. They are usually shorter than press-fit stems because they do not need to engage the endomidollary cortical bone, not influencing the final implant positioning but with higher risk of mal-alignement (58, 110) . In case of re-revision smooth and tapered stems are usually easy to remove but the residual cement may determine further bone loss during its removal.
Both cemented and press-fit stems have good outcome and may be useful in specific patients but the choice remains controversial (78, 111) . In a recent level IV systematic review by Wang et al, no significant difference was found in terms of in failure for any reason, reoperation, aseptic loosening and infection between revision TKA with cemented or cementless stem fixation (112) . Overall bone quality and bone defects, together with the surgeon's preference seem to lead the choice.
Conclusions
Several options are available in addressing metaphyseal bone loss in revision TKA. The choice depends on the type, size and location of the defect and on the quality of the host bone.
Classifications are useful to quantify the defects and to plan the operation, but the final evaluation should be intra-operative once components have been removed. "Fill and fix" is the cornerstone concept to pursue during revision TKAs resulting in filling the defects with impaction grafting, cement or metaphyseal porous devices to achieve a satisfactory fixation.
Literature does not provide any evidence based approach. Data are hardly pooled for the differences among studies in terms of classification, techniques, follow up and definition of failure. Available systematic review and meta-analysis are usually of low quality mainly because examined studies are case series without control groups. The wide variety of intra-operative scenarios and the confidence of the surgeon in one technique rather than another make difficult to conduct a controlled trial comparing different options. Further studies with long term results are desirable to draw firm conclusions.
